Although hypertension contributes to kidney dysfunction in the general population, the contributions of elevated systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse pressure (PP) to kidney function decline in community-dwelling older adults are unknown.
Chronic kidney disease is very common in the US population, and it is present in >30% of adults over age 65. 1 High blood pressure (BP) is a well-established risk factor for chronic kidney disease and end stage renal disease in youth and middle age. 2, 3 Elevated pressure in the renal vasculature and consequent elevated intraglomerular pressure lead to failure of autoregulation and endothelial dysfunction and eventually to progressive glomerular and interstitial fibrosis.
In contrast, data on the association of high BP with kidney function decline in the elderly, in whom hypertension is highly prevalent, 4 are less clear. 5, 6 In particular, neither randomized trial data nor genome-wide association study data provide clear supporting data for associations between lower BP and reduced risk for kidney function decline. For example, in the placebo arm of the Systolic Hypertension in the Elderly Program, elevated systolic pressure was associated with kidney function decline. Because this arm only included individuals with systolic hypertension, it cannot be easily generalized to a community-dwelling older population. 7 The Hypertension in the Very Elderly Trial has not reported kidney function outcomes. In the large International Consortium for Blood Pressure Genome-Wide Association studies, which provide analysis of associations between BP variants and cardiovascular disease, no association was seen between these variants and chronic kidney disease. 8 In addition, the relative associations of systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse pressure (PP) with kidney function decline in the elderly are uncertain. This is of particular clinical importance because hypertension in the elderly is primarily characterized by high SBP and normal to low DBP (isolated systolic hypertension [ISH] ). 9 In the Cardiovascular Health Study, SBP was the best predictor of cardiovascular events, not PP or DBP. 10 In the Framingham Heart Study, however, the association of each BP component with cardiovascular risk varied by age; contrary to associations in young and middle age, PP was the strongest predictor of coronary heart disease in the elderly and DBP was negatively associated with risk. 11 The associations of each BP component with kidney function decline are not well known.
Recently, the American Heart Association consensus statement on treatment of hypertension in older adults highlighted this large knowledge gap. 12 Therefore, we designed this study to examine the associations of SBP, DBP, and PP with kidney function decline using data from the Cardiovascular Health Study.
METHODS

Study population
The Cardiovascular Health Study recruited individuals aged ≤ 65 years from Medicare eligibility lists in 4 US communities (Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Pittsburgh, Pennsylvania). 13 The study recruited an initial cohort of 5,201 primarily white individuals in 1989-1990 (baseline) . Subsequently, in 1992-1993 (study year 3), an additional 687 African American participants were recruited. Blood samples that were collected in 1989-1990, 1992-1993, and 1996-1997 (baseline, year 3, and year 7) were assayed for kidney function. We included all individuals with baseline measures of BP and at least 2 available measures of kidney function. In total, 4,365 of the 5,888 participants in the Cardiovascular Health Study met criteria for inclusion in this analysis.
All participants provided written informed consent. The institutional review boards of the University of Washington and the affiliated clinical centers approved the study.
Predictor variables: Systolic, diastolic, and pulse pressures BP was assessed at the initial clinic visit. Participants were asked to fast for at least 12 hours and to refrain from smoking for 30 minutes before the clinic visit. Trained study personnel obtained 3-seated BP readings with a random zero sphygmomanometer; the average of the last 2 readings was recorded. Patients were also asked about a history of hypertension, and the use of antihypertensive medications was noted using a medication inventory interview. 14 PP was calculated as the difference between the average SBPs and DBPs.
Outcome variables: Change in estimated glomerular filtration rate using cystatin C Cystatin C levels were measured from frozen samples using a particle-enhanced immunonephelometric assay (N Latex Cystatin C; Dade Behring [now Siemens Healthcare Diagnostics Inc], Deerfield, IL) with a nephelometer (BNII, Siemens Healthcare Diagnostics Inc). Previous work has shown this assay to be stable through several freeze-thaw cycles. 15 Intraassay coefficients of variation ranged from 2.0% to 2.8%, and inter coefficients of variation ranged from 2.3% to 3.1%.
To calculate change in kidney function over time, we first used estimating equations to transform each cystatin C measurement into a glomerular filtration rate (GFR) estimate. This transformation was derived from a pooling of cohorts that used iothalamate clearance as the criterion standard; we used the equation eGFR cys = 76.7 × cystatin C −1.19 . 16 Rates of change were calculated using the 2 or 3 available eGFR cys measurements by calculating a least-squares regression slope. As in previous work, we defined an annual loss of 3 ml/min/1.73 m 2 as rapid decline; this change is known to be associated with clinically deleterious outcomes. 17, 18 
Covariates
We examined a number of covariates that might plausibly confound the associations between systolic, diastolic, and pulse pressures and kidney function changes. We included demographic variables (age, gender, race); cardiovascular risk factors including body mass index, smoking, diabetes (use of insulin or an oral hypoglycemic agent or a fasting blood sugar >7 mmol/L [126 mg/dl]), low-density lipoprotein and high-density lipoprotein; and prevalent cardiovascular disease (transient ischemic attack, stroke, coronary artery disease, myocardial infarction, or heart failure). Demographic variables that were not different across groups (income, education) were not included as covariates.
Analytical methods
We first examined the distribution of baseline characteristics according to categories of SBP (by 10-mm Hg increments) using analysis of variance or χ 2 where appropriate. We modeled SBP and DBP as continuous variables in graphical form, using generalized additive models. After confirming linear relationships with kidney function decline, we categorized BP values in 10-mm Hg increments.
We proceeded to examine the associations of systolic, diastolic, and pulse pressures separately with change in kidney function. For these analyses, we used a series of nested linear models. Initially we examined unadjusted associations, then we used models adjusted for demographic factors and risk factors for cardiovascular disease.
We then used logistic regression to evaluate associations between each BP component and rapid decline in kidney function as a dichotomized outcome as above, using the lowest category of BP as the referent. Finally, we evaluated potential joint effects of the 3 BP components by adding them in pair-wise combinations to a model of rapid decline in eGFR cys .
Due to the high prevalence of ISH in the elderly, we also performed a separate analysis to examine the association of each BP component with kidney function decline among persons with SBP ≥ 140 mm Hg and DBP < 90 mm Hg. In a secondary a priori analysis, we stratified by use of antihypertensive medications in both the entire cohort and in those with ISH to determine whether associations between BP components and kidney function decline would differ among users and nonusers of antihypertensive medications.
We assessed P values for interaction between BP components and medications with kidney function decline. We performed sensitivity analyses using only those with 3 measures of kidney function (58% of cohort) and using generalized estimating equations instead of linear models. We also assessed whether results were robust using combined cystatin C and creatinine-based GFR estimating equations.
Analyses were performed using S-Plus (release 8.0; Insightful Inc, Seattle, Washington) and SPSS statistical software (release 16.0.2; SPSS Inc, Chicago, IL).
RESULTS
Of the original 5,888 individuals recruited for the Cardiovascular Health Study, 1,523 did not have repeated measures of cystatin C and thus were excluded from this study. These individuals were older and had more comorbidities than those who had repeated measures of cystatin C, as reported previously. 18 Of the 4,365 participants included in this study, mean (standard deviation) systolic, diastolic, and pulse pressures were 135 (21), 71 (11) , and 65 (18) mm Hg, respectively; 1,994 (46%) reported antihypertensive use. In general, those with higher SBP were older, had higher BMI and wider PP, and were more likely to have diabetes, subclinical and prevalent cardiovascular disease (Table 1) . Isolated systolic hypertension was present in 1,499, representing 34% of the cohort but 61% of those with hypertension at the study visit. Median (interquartile range) annual decline in eGFR cys was -1.58 [-3.00, -0.33]. Rapid decline in eGFR cys was seen in 1,075 (25%) of the cohort overall, with increasing rates among those with higher SBP (Figure 1 ).
Among the entire cohort, we found that higher SBP was associated with faster kidney function decline. In multivariate linear models, for each 10-mm Hg increment in SBP, there was a 0.13-ml/min/year faster decline in eGFR cys (95% confidence interval, 0.08, 0.19, P < 0.001); higher PP was also associated with faster decline, whereas the association of DBP with decline was not significant ( Table 2) .
Distribution of antihypertensive medication classes between those with or without rapid decline in kidney function were not significantly different. We stratified by use of antihypertensive medications as specified a priori; however, the P values for interaction were not statistically significant for the associations of SBP, DBP, or PP with kidney function decline. In addition, the association between DBP and kidney decline appeared qualitatively different between treated vs. untreated persons. Among those not using antihypertensive medications, higher DBP was associated with faster kidney function decline, whereas there was no association among treated persons (Table 2) .
We then considered the association of clinically significant categories of systolic, diastolic, and pulse pressures with rapid decline in kidney function. Higher SBP categories were associated with faster rates of kidney function decline. Compared with persons with SBP < 120, persons with SBP 130 had only a 27% higher odds of rapid decline, while persons with SBP ≥ 140 had almost 2-fold higher odds of rapid decline in kidney function; similar associations were seen for PP, with approximately 2-fold risk seen with PP > 80 mm Hg. The odds of rapid decline associated with elevated DBP were less pronounced, with a 50% increased risk in those with DBP > 90 mm Hg (Figure 2) .
When we studied the association of each BP component with kidney function decline among persons with ISH, we found that SBP was associated with kidney function decline only among those not taking antihypertensive medications (Table 3 ). In contrast, the association of SBP and kidney function decline was not significant among participants with treated ISH (P value for interaction, 0.079).
When we added BP components sequentially to a model of rapid change in eGFR cys , we found that SBP attenuated the associations between either DBP or PP and rapid decline ( Table 4 ), suggesting that findings with PP were driven mainly by SBP.
In sensitivity analyses, results were robust in those with 3 vs. 2 measures of kidney function and were similar using the generalized estimating equation modeling technique. Use of combined cystatin C-and creatinine-based eGFR estimates did not substantially alter the results of the analysis. Abbreviations: CI, confidence interval; DBP, diastolic blood pressure; ISH, isolated systolic hypertension; PP, pulse pressure; SBP, systolic blood pressure.
P value for interaction between SBP and hypertensive medications = 0.079. P value for interaction between DBP and hypertensive medications = 0.112. P value for interaction between PP and hypertensive medications = 0.608. ISH is defined as systolic blood pressure ≥ 140 and diastolic blood pressure < 90.
a Adjusted for age, gender, and race. b Adjusted for age, gender, race, body mass index, smoking, diabetes mellitus, prevalent cardiovascular disease, low-density lipoprotein, and high-density lipoprotein.
DiSCUSSiON
We found that in this large cohort of community-dwelling elderly individuals, each component of BP was associated with kidney function decline, with SBP having the strongest association. Our findings were parallel to those observed by Psaty and colleagues in examining BP components and cardiovascular outcomes in the same cohort 10 ; in both investigations SBP had stronger independent associations with the outcomes of interest in comparison with PP or DBP.
Our data provide additional support for the association of systolic hypertension with kidney function decline, even in an older population. We observed a statistically significant risk of rapid kidney function decline associated with SBP levels > 130 mm Hg, values below those recommended as treatment targets for the general hypertensive population.
A number of studies have suggested increased risk of other outcomes, such as stroke and cardiovascular and allcause mortality, at low DBP levels in older adults. [19] [20] [21] In those with ISH in the Systolic Hypertension in the Elderly Program Study, DBP was not significantly associated with declining kidney function. 22 We demonstrated an absence of significant associations between DBP and declining kidney function, both in the overall cohort and in those with ISH. This finding may add to the overall idea that it is systolic, rather than diastolic, hypertension that is of most importance in older adults, whereas in prior studies in younger populations, both diastolic and systolic hypertension were associated with progression to end-stage kidney failure. 3 Of interest is the subgroup finding that those with treated ISH did not have the same association between SBP and decline as did those not taking antihypertensive agents. There are several potential explanations for this observation, including confounding by indication or by unmeasured comorbidities. It is possible that those not treated could potentially benefit from treatment in terms of preservation of kidney function; however, this cannot be inferred from our observational data.
Our finding that PP is associated with kidney function decline suggests that arterial stiffness is an important component when considering the associations of BP and kidney function decline in the elderly. In this cohort, as in other older cohorts, PP is mainly driven by elevations in SBP rather than decreases in DBP, explaining the attenuation of the association between PP and kidney function decline after adjusting for SBP. This phenomenon is likely explained by increased arterial stiffness associated with aging; in this age group, elevations in SBP are indicative of arterial stiffness.
In our study, overall findings were similar for SBP regardless of whether BP medication was in use to achieve any given BP level. This is in contrast to associations between BP components and cardiovascular outcomes, which were attenuated in those taking antihypertensive medications. 14 Antihypertensive medications may have pleiotropic effects unrelated to BP control on cardiovascular outcomes, 23 whereas in the case of kidney function, their effect may occur mainly through achieved BP control. Of note, the prevalence of angiotensin-convertingenzyme inhibitor use in this study was low at baseline (less than 7%), and we did not have power to detect an interaction of angiotensin-converting-enzyme inhibitors and BP with kidney function decline. We did detect somewhat diminished associations between diastolic hypertension and kidney function decline in those who reported the use of antihypertensive agents. Although our overall findings are that DBP does not have independent associations with kidney function decline, this could suggest some additional effect of medication use on kidney function decline in those with diastolic hypertension and can be explored in further studies.
The strengths of this study include the large sample, detailed measures of important potential confounders, repeated measures of kidney function, and long follow-up time. Whereas most of the available clinical trial data are from studies that excluded participants with comorbid diseases, this cohort study included a broad sample of older adults with multiple comorbid conditions and thus is more generalizable to older adults.
This study also has several limitations. The subset of participants we could study were able to return for at least 1 follow-up visit and thus are healthier than the original community-based sample. Since the data were collected in an observational cohort setting, use of antihypertensive medications was at the discretion of the participant and his or her physician, and thus we cannot infer a causal relationship between BP treatment and outcomes. Interestingly, interaction terms for treated vs. untreated BP were nonsignificant, suggesting that achieved SBP level rather than medication use itself was most important in driving kidney function outcomes in this cohort. We do not have information on proteinuria, which is known to have significant effects on risk of progressive kidney disease, nor do we have measured GFR by direct clearance. We did not observe an increased risk of kidney function decline in those with SBP < 120 mm Hg or DBP < 70 mm Hg, but our confidence limits do not allow us to exclude a J-shaped association at the extremes of low SBP or DBP.
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